Brain-derived neurotrophic factor (BDNF) exerts prominent effects on hippocampal neurons, but the mechanisms that initiate its actions are poorly understood. We report here that BDNF evokes a slowly developing and sustained nonselective cationic current (I BDNF ) in CA1 pyramidal neurons. These responses require phospholipase C, IP 3 receptors, Ca 2ϩ stores, and Ca 2ϩ influx, suggesting the involvement of transient receptor potential canonical subfamily (TRPC) channels. Indeed, I BDNF is absent after small interfering RNA-mediated TRPC3 knockdown. The sustained kinetics of I BDNF appears to depend on phosphatidylinositol 3-kinase-mediated TRPC3 membrane insertion, as shown by surface biotinylation assays. Slowly emerging membrane currents after theta burst stimulation are sensitive to the scavenger TrkB-IgG and TRPC inhibitors, suggesting I BDNF activation by evoked released of endogenous, native BDNF. Last, TRPC3 channels are necessary for BDNF to increase dendritic spine density. Thus, TRPC channels emerge as novel mediators of BDNF-mediated dendritic remodeling through the activation of a slowly developing and sustained membrane depolarization.
Introduction
Brain-derived neurotrophic factor (BDNF), a member of the neurotrophin family, is a potent modulator of activity-dependent synaptic plasticity in the CNS (Poo, 2001) . Activated neurotrophin Trk receptors trigger three signaling cascades, phospholipase C␥ (PLC␥)-IP 3 , Ras-Raf-extracellular signal-regulated kinase (ERK), and phosphatidylinositol 3 (PI3) kinase, all of which have been implicated in the varied actions of neurotrophins, ranging from modulation of gene expression, neuronal morphology, synaptic plasticity, and neurotransmitter release (Segal and Greenberg, 1996; Amaral et al., 2007) . In addition to long-term modulation of ion channel expression, BDNF has been shown to evoke fast Na ϩ currents through direct activation of Na v 1.9 channels (Blum et al., 2002) and slower nonselective cationic currents mediated by transient receptor potential canonical subfamily 3 (TRPC3) channels (Li et al., 1999) . Ion channels of TRPC are activated by stimulation of G q /G 11 -type G-proteincoupled receptors [e.g., group I metabotropic glutamate receptor (mGluR)] and by receptor tyrosine kinases such as Trk receptors, leading to PLC-mediated formation of IP 3 and diacylglycerol (DAG) (Clapham, 2003) . TRPC channels are widely expressed in brain (Mizuno et al., 1999) , including the hippocampus (Li et al., 1999; Strubing et al., 2001 ). Thus, PLC-dependent, non-voltagegated cationic currents through TRPC channels are fundamentally novel forms of Ca 2ϩ and Na ϩ entry in central neurons, mediating the slower glutamate and neurotrophin responses through group I mGluRs (Kim et al., 2003) and TrkB receptors (Li et al., 1999) , respectively.
Here, we present evidence that BDNF elicits a slowly developing and sustained nonselective cationic current in hippocampal CA1 pyramidal neurons. This tetrodotoxin (TTX)-and saxitoxin (STX)-insensitive current (I BDNF ) required functional Trk receptors, PLC activity, IP 3 receptors (IP 3 Rs), full intracellular Ca 2ϩ stores, and extracellular Ca 2ϩ , suggesting the involvement of TRPC channels. Indeed, I BDNF was absent in neurons loaded with anti-TRPC3 function-blocking antibodies or in those transfected with a small interfering RNA (siRNA) construct designed to knockdown the expression of TRPC3. BDNF also increased the levels of surface accessible TRPC3 in cultured hippocampal neurons with a requirement for PI3 kinase signaling and a time course that paralleled the activation of I BDNF , which was also blocked by a PI3 kinase inhibitor. The activation of a similar conductance by endogenously released BDNF was indicated by the blockade of slowly emerging membrane currents after theta voltage-clamp mode at a holding potential of Ϫ65 mV using an Axoclamp 200B amplifier (Molecular Devices, Sunnyvale, CA), filtered at 2 kHz, and digitized at 10 kHz. Recordings were accepted only if access (series) resistance was Յ30 M⍀. CA1 neurons had whole-cell capacitances of ϳ100 pF. Input resistance (R i ) was measured with hyperpolarizing voltage pulses (50 ms, Ϫ20 mV), and cells were discarded if any of those cell parameters (C m , R i , R s ) changed by Ն20% during the course of an experiment. Current-voltage relationships were estimated from slow voltage ramps between Ϫ85 and ϩ45 mV (4 s; 32.5 mV/s) performed in the presence of TTX (0.5 M) and Cd 2ϩ (200 M) to prevent the firing of Na ϩ -and Ca 2ϩ -dependent action potentials in distal dendrites that could escape voltage-clamp control. Electrophysiology data were acquired on a single G4 Macintosh computer (Apple Computers, Cupertino, CA) running custom-written software (TIWorkBench, kindly provided Dr. T. Inoue, Tokyo University, Tokyo, Japan). All of the chemicals used for these experiments were obtained from Sigma (St. Louis, MO), Calbiochem (San Diego, CA), or Tocris (Ellisville, MO).
Human recombinant mature BDNF (supplied by Amgen, Thousand Oaks, CA) was pressure applied from glass pipettes (ϳ5 M⍀) using a Picospritzer-III (Parker Hannifin, Cleveland, OH). An application pipette was positioned ϳ100 m above the slice and ϳ200 m away from the soma of the CA1 neuron under recording, aimed at its apical dendrites within stratum radiatum (ϳ150 m from the soma) and against the direction of aCSF perfusion flow. This arrangement produced a stream of BDNF solution that overshoots the cell under recording and flows back over the slice, already diluted in the aCSF. Application of glutamate (100 M, 8 psi, 9 s) from similar pipettes was used to optimize this arrangement, yielding highly reproducible and stable transient membrane currents. In addition, food coloring was used to assess the spatial spreading of the applied solution over the slice. Pressure pulses of 30 psi lasting 25-30 s delivered a total volume of 2 l of solution from ϳ5 M⍀ glass pipettes. In most experiments, the pipette contained 100 g/ml BDNF in 0.0001-0.1% BSA. The extracellular BDNF scavenger TrkBIgG (1 g/ml; supplied by Regeneron, Tarrytown, NY; also from R & D Systems, Minneapolis, MN) was used to estimate the effective BDNF concentration required for I BDNF activation. To test for dose-response relationships, some pipettes contained 50 or 75 g/ml BDNF in 0.0001% BSA. BDNF denatured by boiling (10 min; 100 g/ml), BSA alone (0.0001 or 0.1%), and aCSF were used as pressure application controls. NGF, neurotrophin 4 (NT-4), and NT-3 (Promega, Madison, WI) (100 g/ml in 0.0001% BSA) were applied in a similar manner.
Afferent fiber stimulation was performed with an extracellular patch pipette filled with buffered and oxygenated aCSF (ϳ4 M⍀) positioned within CA1 stratum radiatum to stimulate Schaeffer collaterals. Square constant-current pulses of 100 s duration were produced by an isolated stimulator (ISO-Flex; A.M.P.I., Jerusalem, Israel). High-frequency afferent stimulation was delivered as a theta burst pattern consisting of five bursts at 5 Hz, each burst having four pulses at 100 Hz. A subthreshold concentration of the Na ϩ channel blocker TTX (10 nM) was included in the aCSF to reduce membrane excitability and prevent polysynaptic responses, common in organotypic slices. The aCSF contained the GABA A receptor antagonist picrotoxin (50 M), whereas the K ϩ channels coupled to GABA B receptors were blocked by intracellular Cs ϩ . The aCSF also contained the noncompetitive antagonists of AMPA and NMDA receptors, GYKI-52466 [4-(8-methyl-9H-1,3-dioxolo [4,5-h] . The constant-current intensity used for afferent stimulation (between 10 and 50 A) was never larger than 10 times that required to evoke AMPA receptor-mediated fast EPSCs (ϳ100 -200 pA) at a holding potential of Ϫ65 mV in control aCSF.
Immunocytochemistry. Slices or cells were washed with PBS, and then fixed with 4% paraformaldehyde and 4% sucrose in phosphate buffer (PB) for 70 min. After rinsing with PBS containing 10 mM NH 4 Cl and then PBS alone, slices or cells were incubated with blocking and perme-abilization buffer (0.4% fetal goat serum and 0.1% Triton X-100 in PBS) for 1 h and subsequently incubated with primary antibodies (anti-TRPC3; Alomone Labs, Jerusalem, Israel) diluted in blocking and permeabilization buffer. After incubation with FITC-conjugated secondary antibodies, slices or cells were incubated with blocking and permeabilization buffer and then incubated with NeuN (Millipore) primary antibodies. Slices were then incubated with Texas Red-conjugated secondary antibodies. Alternatively, biotinylated secondary antibodies were used in combination with avidin-conjugated Quantum dots (488 nm excitation, 525 nm emission; Invitrogen). Finally, slices were mounted, sealed with Vectashield (Vector Laboratories, Burlingame, CA), and imaged with a laser scanning confocal microscope equipped with argon and krypton lasers (FV300; Olympus Optical, Center Valley, PA) and oil-immersion lenses (60ϫ, 1.2 NA or 100ϫ, 1.4 NA). Controls were incubated with only primary or secondary antibodies.
Surface biotinylation. Primary hippocampal cultures 10 -14 div were washed once with aCSF and then stimulated with BDNF in aCSF. Sulfo-NHS-SS linked biotin (1.5 mg/ml in 1ϫ PBS, pH 8.0) was then added to the neurons and incubated at 4°C for 45 min. Excess biotin was quenched with 100 mM glycine, and then the cultures were washed with 1ϫ PBS. The neurons were lysed with radioimmunoprecipitation assay buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% SDS). Protein concentrations were determined via the Lowry method, and 1 mg of each sample was added to streptavidin agarose (Pierce, Rockford, IL) and then incubated overnight at 4°C. The streptavidin agarose was washed three times with lysis buffer, and samples were eluted by adding 2ϫ Laemli's buffer (Bio-Rad, Hercules, CA) and then heating to 70°C for 30 min. Proteins were separated on SDS-PAGE gels, and Western blots with anti-TRPC3 antibodies (Alomone Labs) were conducted. The two bands detected in Western blots are not observed when the samples are preincubated with the control peptide antigen (HKLSE KLNPS VLRC, corresponding to residues 822-835 of mouse TRPC3; UniProtKB/Swiss-Prot accession number Q9QZC1). Anti-transferrin receptor (Zymed, San Francisco, CA) and anti-actin antibodies (Sigma) were used as loading controls for surface and intracellular proteins, respectively. Gels were scanned at 300 dpi in a flatbed scanner, and pixel intensity was measured using the gel analysis tool of NIH ImageJ software. The intensity of TRPC3 bands was normalized to the intensity of the transferrin receptor bands.
TRPC3 siRNA. siRNA oligos (Invitrogen) were designed to target TRPC3 channel subunits. The sequence of TRPC3 siRNA is as follows: Invitrogen-2476, sense sequence 5Ј to 3Ј, GCACUCCAAGCAGUGA-CAU; antisense sequence 5Ј to 3Ј, AUGUCACUGCUUGGAGUGC. Primary hippocampal neurons 10 -14 div were transfected with 1 g of fluorescein-labeled siRNA using the Gene Silencer siRNA Transfection Reagent (Gene Therapy Systems, San Diego, CA). Following the suggestions of the manufacturer, GeneSilencer and siRNA were diluted with serum-free medium (Neurobasal plus B27) and then mixed together for 15 min at room temperature. To the cultured neurons, 1 ml of serum-free medium was added, followed by the siRNA mixture. After 24 h at 36°C, 2 ml of serum-free medium was added to the neurons. Four days later, the cultures were harvested and processed for Western blotting.
Particle-mediated gene transfer. Hippocampal slices were cotransfected with a plasmid encoding enhanced yellow fluorescent protein (eYFP) (Clontech, Mountain View, CA) and the TRPC3 siRNA oligos. A custom-modified Helios gene gun (Bio-Rad) was used to perform the biolistic transfection following established protocols (Lo et al., 1994; Alonso et al., 2004) . Briefly, plasmid cDNA and siRNA oligos were precipitated onto 1.6 m colloidal gold at a ratio of 50 g of eYFP plasmid to 100 g of siRNA oligo to 25 mg of gold. This mixture was coated onto Tefzel tubing using 0.06 mg/ml polyvinylpyrrolidone. Slices were bombarded using helium pressure at 100 psi at a distance of 15 mm. For experiments using only eYFP, gene transfer was performed as above, except the plasmid encoding eYFP was precipitated onto 1.6 m colloidal gold at a ratio of 50 g of DNA to 25 mg of gold.
BDNF and inhibitor treatments for confocal microscopy. Three days after particle-mediated gene transfer, the respective inhibitors were added to the culture media 30 min before BDNF (250 ng/ml) application. To facilitate penetration of the reagents, an additional 50 l of medium was gently placed on top of each slice. After 24 h of BDNF exposure, slices were fixed in 4% paraformaldehyde and 100 mM PB for 60 min, rinsed in PB, and mounted on glass slides using Vectashield (Vector Laboratories).
Confocal microscopy. A FluoView300 laser-scanning confocal microscope (Olympus Optical) fitted with a 100ϫ, 1.4 NA oil-immersion lens was used to acquire images of apical secondary and tertiary dendrites of eYFP-transfected CA1 neurons. eYFP and fluorescein-labeled siRNA were excited with the 488 nm line of the argon laser and detected using standard FITC filters. Optical sections in the z-axis were acquired at 0.1 m intervals.
Spine density analysis. Dendritic spines were identified as small projections extending Յ3 m from the adjacent dendrite, as described previously (Pozzo-Miller et al., 1999; Pozzo-Miller, 2001, 2003; Alonso et al., 2004) . Spines were quantified on maximum-intensity projections of the z-stacks using NIH ImageJ software. To ensure that each spine was counted only once, their course was followed through the stack of z-sections. In addition, only those spines that appeared continuous with the parent dendrite were used for analysis. Spine density was calculated by quantifying the number of spines per length of imaged dendrite and then normalized to 10 m of dendritic length. Supplemental Table 1 (available at www.jneurosci.org as supplemental material) contains all of the measured parameters in the spine density analysis, including the total length of apical secondary and tertiary apical dendrites analyzed, the number of neurons and slices, and the coefficient of variance (CV) of spine density values. Spine counts were performed "blindly" by an investigator unaware of the treatment groups.
Statistical analysis. Data were statistically analyzed using unpaired Student's t test or ANOVA, followed by Newman-Keuls multiplecomparison post hoc test with Prism software package (GraphPad Software, San Diego, CA). p Ͻ 0.05 was considered significant. Data are presented as mean Ϯ SEM; the SD of the mean was used to calculate the coefficient of variance (CV ϭ mean/SD), which is given as a measure of consistency.
Results
BDNF induces a slow depolarizing membrane current, I BDNF , in CA1 pyramidal neurons through the activation of TrkB receptors Long-term (minutes to hours) exposure to BDNF induces varied effects on hippocampal neurons, ranging from modulation of synaptic transmission and plasticity to structural changes of dendrites, spines, and presynaptic terminals (McAllister et al., 1999; Poo, 2001; Tyler et al., 2002b; Lu, 2003; Amaral et al., 2007) . Conversely, brief (Ͻ300 ms) and highly targeted (Ͻ20 m) BDNF pulses have been shown to elicit transient EPSP-like membrane depolarizations through the direct activation of Na v 1.9 channels (Kafitz et al., 1999; Blum et al., 2002) . We chose to apply BDNF from picospritzer-controlled pipettes placed ϳ100 m above hippocampal slice cultures to avoid pressure and mechanical artifacts. BDNF-containing pipettes were positioned over CA1 neuron dendrites within stratum radiatum, ϳ200 m away from their cell bodies ( Fig. 1 A) to reproduce the spatiotemporal profile of a paracrine neuropeptide released from dense-core vesicles acting on perisynaptic receptors (Lessmann et al., 2003) . Under these conditions, a single BDNF application (25-30 s) induced a delayed (54 Ϯ 3.6 s) and slowly developing inward current with an average amplitude of 577.23 Ϯ 41.07 pA (n ϭ 24 cells) in Cs ϩ -filled CA1 pyramidal neurons held at Ϫ65 mV in the presence of TTX (500 nM) (Fig. 1 B) . These membrane currents, I BDNF , persisted for 13.03 Ϯ 2.11 min and were highly reproducible, because successive applications to the same cell (two to three; 20 min apart) evoked responses of similar amplitude (607.7 Ϯ 19.98 pA; n ϭ 4; p ϭ 0.7703 vs single application responses). The above responses were made in slices kept in serum-free media to avoid the confounding effects of hormones and growth factors in the serum; similar responses were also ob-served in slice cultures maintained in serumcontaining culture media (430.02 Ϯ 8.04 pA; n ϭ 4). A significant decrease in membrane input resistance indicated an increase in membrane conductance at the peak of the BDNF response (R i ϭ 202.05 Ϯ 12 vs 106.23 Ϯ 9.95 M⍀; p Ͻ 0.0001). The current-voltage ( I-V) relationship of I BDNF was estimated by voltage ramp protocols (4 s from Ϫ85 to ϩ45 mV) applied before and near the peak of I BDNF evoked in the presence of TTX (500 nM) and Cd 2ϩ (200 M) to block voltage-gated Na ϩ and Ca 2ϩ channels, respectively. The contribution of AMPA and NMDA receptor currents during these voltage ramps was eliminated by inclusion of CNQX (20 M) and D,L-APV (100 M), respectively. The positive slope conductance estimated from a linear regression of each I-V plot was 3.54 Ϯ 0.21 nS (n ϭ 3). The average reversal potential of the subtracted BDNFinduced component of the current response to the voltage ramp was 27.96 Ϯ 6.32 mV (n ϭ 3), indicative of a mixed cationic conductance (supplemental Fig.  1 , available at www.jneurosci.org as supplemental material).
Consistent with the activation of an inward current at resting membrane potential, BDNF elicited a similarly delayed and slowly developing membrane depolarization in K ϩ -filled neurons in the absence of TTX (22.18 Ϯ 2.02 mV; n ϭ 9), which led to an increase in spontaneous action potentials and EPSPs (Fig. 1C) . BDNF also caused a pronounced increase in the frequency of spontaneous miniature EPSCs (in TTX), without affecting their amplitude (Fig. 1 B) (our unpublished observation), consistent with its known presynaptic actions on neurotransmitter release (Poo, 2001; Tyler et al., 2002a Tyler et al., , 2006 . Together, these observations directly demonstrate that BDNF has parallel actions on both sides of excitatory synapses, enhancing presynaptic transmitter release and directly activating a postsynaptic membrane depolarization.
The effects of BDNF on membrane conductance were confirmed to be specific, because vehicle alone (up to 0.1% BSA) or BDNF denatured by boiling (100 g/ml, 10 min) (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material) were entirely ineffective (28.04 Ϯ 15 pA, n ϭ 4, p Ͻ 0.0001; and 6.46 Ϯ 5.25 pA, n ϭ 3, p Ͻ 0.0001, respectively). Furthermore, I BDNF exhibited a dose-response relationship: pressure application from a pipette containing 50 g/ml BDNF induced a current of 57.42 Ϯ 4.23 pA (n ϭ 4), whereas a larger membrane current was elicited by 75 g/ml BDNF (178.75 Ϯ 48.68 pA; n ϭ 3) (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
The extracellular BDNF scavenger TrkB-IgG was used to estimate the effective BDNF concentration required for I BDNF activation. TrkB-IgG is a chimeric recombinant protein that consists of the ligand-binding domain of the TrkB receptor fused to the Fc domain of human IgG (to make it soluble) (Shelton et al., 1995) .
Thus, TrkB-IgG neutralizes BDNF action by effectively competing for BDNF binding to endogenous cell surface TrkB receptors, without physically interacting with or affecting these receptors. Furthermore, it displays a dose-dependent inhibition of the effects of 200 ng/ml exogenously applied BDNF and completely inhibits the effects of 200 ng/ml BDNF at an equimolar (ϳ7 nM) equivalent of TrkB-IgG (2 g/ml) (McAllister et al., 1997) . Bath application of 1 g/ml TrkB-IgG completely prevented the BDNF-induced current after pressure ejection from a pipette containing 100 g/ml BDNF (in 0.0001% BSA), even after two to three successive pulses (Fig. 1 D) . Because of accumulation on the slice, subsequent BDNF applications did evoke a current, albeit significantly smaller than those recorded under control conditions, suggesting that 1 g/ml TrkB-IgG (i.e., 3.8 nM) is saturated by two to three successive BDNF applications. These results indicate that the effective BDNF concentration within the slice after a single application is 33-50 ng/ml or less; otherwise, it would have saturated the scavenger and evoked a current in response to the first application. This range of concentrations, which are equivalent to 1.2-1.8 nM of the BDNF dimer, are considered to specifically activate TrkB receptors. For example, TrkB-IgG concentrations between 1 and 20 g/ml have been shown to prevent the induction of long-term potentiation in hippocampal slices (Figurov et . BDNF activation of TrkB receptors induces a slowly developing and sustained depolarizing membrane response that is not mediated by STX-sensitive Na ϩ channels. A, Representative hippocampal slice culture (from a postnatal day rat, 10 div) imaged by IR-DIC showing a whole-cell electrode patched on a CA1 neuron and the position of the BDNF application pipette. For clarity, the BDNF pipette has been lowered to the slice surface to show its position relative to the whole-cell electrode. B, Representative example of I BDNF , the membrane current evoked by BDNF (100 g/ml in the puffer pipette) in a CA1 pyramidal neuron voltage clamped near its resting membrane potential (V h of Ϫ 65 mV; Cs-gluconate electrode). C, Under current clamp, BDNF induces a membrane depolarization with similar kinetics to that of I BDNF and increases spontaneous synaptic activity and spike frequency (K-gluconate electrode, no TTX). D, The selective BDNF scavenger TrkB-IgG (1 g/ml) prevented the responses to the first two to three exogenous BDNF applications, suggesting that the effective BDNF concentration necessary to activate I BDNF is between 33 and 50 ng/ml, equivalent to 1.2-1.8 nM of the BDNF dimer, well within the TrkB receptor affinity. E, The tyrosine kinase inhibitor k-252a (200 nM) prevented the activation of I BDNF . F, NT-3 induced a membrane current of similar kinetics but smaller amplitude than I BDNF (top), whereas NGF did not affect membrane conductance (bottom; both neurotrophins at 100 g/ml in the application pipette). G, Contrary to the fast Na ϩ current mediated by Na v 1.9 channels, I BDNF is insensitive to STX (10 nM). H, Average amplitude of I BDNF in the above experimental conditions (*p Ͻ 0.0001, # p Ͻ 0.005 vs BDNF application in TTX).
plexity (McAllister et al., 1997) and spine density (Tyler and Pozzo-Miller, 2001 ). The requirement of Trk receptors was demonstrated by the observation that bath application of the tyrosine kinase inhibitor k-252a [(8R*,9S*,11S*)-(Ϫ)-9-hydroxy-9-methoxycarbonyl-8-methyl-2,3,9,10-tetrahydro-8,11-epoxy-1H,8H,11H-2,7b,11a-triazadibenzo(a,g)cycloocta(cde)trinden-1-one] completely prevented I BDNF (17.9 Ϯ 4.8 pA; n ϭ 9; p Ͻ 0.0001 vs control) (Fig. 1 E) , even after three successive BDNF applications to the same cell. Moreover, inhibition of Trk receptors only in the postsynaptic cell by intracellular application of the membraneimpermeable analog k-252b (200 nM in 0.01% DMSO) also inhibited I BDNF (27.58 Ϯ 16.51 pA; n ϭ 4; p Ͻ 0.0001 vs control) (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material); the concentrations used (200 nM in 0.01% DMSO for both) are specific for receptor tyrosine kinases of the trk gene family (Knusel and Hefti, 1992) . The specific role of TrkB receptors was further confirmed by applying other neurotrophins in a similar manner. NT-3 (100 g/ml), which binds primarily to TrkC but also to TrkB with a lower affinity (Barbacid, 1994) , induced a membrane current with similar kinetics but smaller amplitude than I BDNF (238.75 Ϯ 138 pA, n ϭ 3, p ϭ 0.0122 vs control) (Fig. 1 F) . As expected from the low levels of TrkA expression in the postnatal hippocampus, NGF (100 g/ ml) had only minor effects on membrane currents (27.5 Ϯ 13.2 pA; n ϭ 3; p Ͻ 0.0001 vs control) (Fig. 1 F) . Together, activation of TrkB receptors in the postsynaptic neuron under recording is necessary for the activation of I BDNF .
It is important to note that BDNF-evoked Na ϩ currents mediated by Na v 1.9 channels have very short latencies, as well as rapid activation and inactivation kinetics (Kafitz et al., 1999) , in marked contrast with the delayed, slowly activating, and longlasting I BDNF described here in CA1 neurons and previously characterized in acutely dissociated pontine neurons (Li et al., 1999) . In addition, Na v 1.9-mediated currents were shown to be sensitive to the Na ϩ channel blocker STX (Blum et al., 2002) , whereas I BDNF persisted in the presence of this toxin (10 nM; 491.48 Ϯ 30.18 pA; n ϭ 3; p ϭ 0.4756 vs control) (Fig. 1G) . These differences demonstrate that two completely different mechanisms couple TrkB receptors to membrane cation conductances.
I BDNF requires both IP 3 R-dependent Ca 2؉ mobilization and Ca 2؉ influx Neurotrophin-activated Trk receptors stimulate PLC␥ activity, leading to IP 3 production through hydrolysis of phosphatidylinositol-4,5-bisphosphate (PIP 2 ) (Segal and Greenberg, 1996) . The requirement of this signaling pathway for the activation of I BDNF was demonstrated by the complete absence of responses when BDNF was applied in the presence of the PLC inhibitor U73122 (1-[6[[(17␤)-3-methoxyestra-1,3,5(10)-triene-17-yl]-amino]hexyl]-1 H-pyrrole-2,5-dione) (Bleasdale et al., 1990) (2 M; 8.54 Ϯ 7.14 pA; n ϭ 3; p Ͻ 0.0001 vs control) (Fig. 2 A) , even after three successive BDNF applications to the same cell. Furthermore, BDNF-induced currents were significantly reduced in neurons loaded with xestospongin-C, an IP 3 R inhibitor (Gafni et al., 1997) (1 M in 0.01% DMSO; 54.06 Ϯ 12 pA; n ϭ 7; p Ͻ 0.0001 vs control) (Fig. 2 B) , even after three successive BDNF applications. In addition, intracellular application of heparin (100 g/ml), another IP 3 R inhibitor (Ghosh et al., 1988) , also significantly reduced I BDNF amplitude (37.64 Ϯ 15.34 pA; n ϭ 6; p Ͻ 0.0001 vs control; even after four successive BDNF applications). Intriguingly, DAG produced by PIP 2 hydrolysis appears to contribute to the activation of I BDNF , because the membrane-permeable DAG analog OAG (1-oleoyl-2-acetylsn-glycerol) (50 M) also induced a membrane current, albeit smaller than I BDNF , when locally applied to CA1 pyramidal neurons (359.82 Ϯ 84.66; n ϭ 7). Consistent with a requirement of IP 3 R-dependent Ca 2ϩ mobilization, pretreatment (30 min) with 1 M thapsigargin (in 0.01% DMSO), which depletes intracellular Ca 2ϩ stores by inhibiting sarcoendoplasmic reticulum Ca 2ϩ -ATPase (SERCA) pumps (Thastrup et al., 1990) , also reduced I BDNF (51.59 Ϯ 17.97 pA; n ϭ 11; p Ͻ 0.0001 vs control) (Fig. 2C) , even after five successive BDNF applications to the same cell. The requirement of intracellular Ca 2ϩ elevations for I BDNF activation was confirmed by the observation that the Ca 2ϩ chelator BAPTA (20 mM in the pipette solution) significantly reduced I BDNF (65.13 Ϯ 28.95 pA; n ϭ 7; p Ͻ 0.0001 vs control; even after five successive BDNF applications to the same cell) (Fig. 2 D) . Intriguingly, I BDNF was also significantly reduced when BDNF was applied in a nominally Ca 2ϩ -free extracellular solution (52.9 Ϯ 20.4 pA; n ϭ 7; p Ͻ 0.0001 vs control; even after six successive BDNF applications to the same cell) (Fig. 2 E) , demonstrating that mobilization from intracellular Ca 2ϩ stores and Ca 2ϩ influx are both necessary for the activation of I BDNF . Simultaneous wholecell voltage-clamp recording and Ca 2ϩ imaging experiments further showed that I BDNF is both preceded and associated with elevations of intracellular Ca 2ϩ concentration (our unpublished observation). Together, these observations demonstrate that Trk receptors, IP 3 Rs, full intracellular Ca 2ϩ stores, and Ca 2ϩ influx are required for BDNF-induced membrane currents, suggesting the involvement of TRPC channels (Montell et al., 2002; Clapham, 2003) .
The role of TRPC channels in BDNF-induced membrane currents TRPC3 channel subunits colocalize and coimmunoprecipitate with TrkB receptors (Li et al., 1999) . Consistent with a potential role of TRPC channels in I BDNF , TRPC3 localized in the cell body and dendritic processes of pyramidal-like hippocampal neurons in primary culture, as well as in neuronal cell bodies and dendritic processes of the CA1 region of cultured slices (Fig. 3A) . Furthermore, I BDNF in pontine neurons was shown to be mediated by channels containing TRPC3 subunits (Li et al., 1999) . Consistently, I BDNF in CA1 neurons was prevented by SKF-96365 [1-[␤-3-(4-methoxyphenyl)-propoxy]-4-methoxyphenethyl]-1 H-imidazole hydrochloride] (30 M in 0.01% DMSO; 18.39 Ϯ 10.16 pA; n ϭ 7; p Ͻ 0.0001 vs control; even after five BDNF applications) (Fig. 3B) , an inhibitor of storeoperated Ca 2ϩ entry (SOC) in several cell types (e.g., human neutrophils, platelets and endothelial cells, HL-60 cells, rat thymic lymphocytes, and thyroid FRTL-5 cells) (Merritt et al., 1990) , as well as in cells heterologously expressing TRPC3 channels (Zhu et al., 1998) . It was originally reported that SKF-96365 also inhibited voltage-gated Ca 2ϩ channels in GH3 pituitary cells and rabbit ear-artery smooth muscle cells (Merritt et al., 1990 ); however, a broad-spectrum Ca 2ϩ channel blocker (i.e., 200 M Cd 2ϩ ) did not affect I BDNF in CA1 pyramidal neurons in our experiments (see above and supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Introducing antibodies against intracellular domains of TRPC subunits through the whole-cell pipette has been shown to inhibit TRPC-like membrane conductances activated by BDNF (Li et al., 1999) and mGluR1/5 agonists (Kim et al., 2003; Faber et al., 2006) . After 45 min of whole-cell access, anti-TRPC3 antibodies (1:100 dilution in the pipette solution) prevented I BDNF in CA1 neurons (26.51 Ϯ 15 pA; n ϭ 6; p Ͻ 0.0001 vs control) (Fig. 4C) . Conversely, anti-TRPC5 antibodies (1:100) had no effect on I BDNF (479.04 Ϯ 208.75 pA; n ϭ 3; p ϭ 0.4697 vs control; 45 min of whole-cell access) (Fig. 4C) , indicating that the effects of anti-TRPC3 on I BDNF were specific.
To directly demonstrate the requirement of TRPC3 channel subunits for the activation of I BDNF , we knocked down their expression using specific siRNA oligonucleotides. The expression levels of TRPC3 were significantly reduced in TRPC3 siRNAtransfected cultured hippocampal neurons, as demonstrated by Western blotting (Fig. 4 A) . Slice cultures were then biolistically transfected with gold particles coated with siRNA oligos and cDNA plasmids encoding for eYFP for cell identification purposes. After 48 h of transfection, eYFP-transfected CA1 pyramidal neurons were identified under fluorescence microscopy (Fig.  4 B) and subjected to whole-cell recording following our standard procedures (Alonso et al., 2004) . Gene-gun transfection of this TRPC3 siRNA construct completely prevented the activation of I BDNF (42.89 Ϯ 20.96 pA; n ϭ 4; p Ͻ 0.05 vs control) (Fig. 4C) , whereas transfecting eYFP or a random siRNA construct did not affect BDNF-induced currents (456.41 Ϯ 220.44 pA; n ϭ 3; p Ͼ 0.05 vs control) (Fig. 4C) . Together, these results demonstrate that I BDNF in CA1 neurons is mediated by nonselective cationic channels containing TRPC3 subunits.
BDNF increases the surface expression of TRPC3 in hippocampal neurons
It has been shown recently that TRPC5 subunits are rapidly translocated to the plasma membrane by growth factor stimulation of PI3 kinase, a mechanism required for the activation of TRPC5 currents in HEK293 cells (Bezzerides et al., 2004) . Consistent (Vlahos et al., 1994) (10 M in 0.01% DMSO; 58.13 Ϯ 29.12 pA; n ϭ 6; p Ͻ 0.0001 vs control) (Fig. 5A) , even after two BDNF applications. Wortmannin (100 nM in 0.01% DMSO), another PI3 kinase inhibitor, also prevented I BDNF (52.37 Ϯ 20.94 pA; n ϭ 5; p Ͻ 0.001 vs control) (Fig. 5B) , even after three BDNF applications.
To test the possibility that the sustained kinetics of I BDNF reflect membrane insertion of TRPC subunits, we performed surface biotinylation reactions on cultured hippocampal neurons using the transferrin receptor as a surface protein loading control. Indeed, levels of surface-accessible TRPC3 progressively increased after BDNF application with a time course that parallels the time course of I BDNF activation (Fig. 5C ). The pixel intensity of TRPC3 bands, normalized to the transferrin receptor, increased from a baseline level of 0.02 Ϯ 0.01 to 0.13 Ϯ 0.07 after 2 min and to 0.33 Ϯ 0.02 after 4 min of BDNF exposure (n ϭ 3; p Ͻ 0.05 vs baseline). In addition, the same PI3 kinase inhibitor that reduced I BDNF (LY-294002, 10 M) also prevented the surface translocation of TRPC3 (0.08 Ϯ 0.03; n ϭ 3; p Ͼ 0.05 vs baseline) (Fig. 5C) , suggesting that BDNF/TrkB signaling triggers rapid vesicular insertion of TRPC channels leading to a sustained membrane current.
Activation of TRPC-like currents by endogenously released native BDNF during patterned afferent stimulation
The most effective stimulation to release endogenous native BDNF from cultured hippocampal cells is TBS (Balkowiec and Katz, 2002) . Consistently, TBS of afferent fibers within CA1 stratum radiatum in the presence of antagonists of AMPA, NMDA, mGluR1/5, and GABA A receptors evoked inward currents in CA1 pyramidal neurons voltage clamped at a holding potential of Ϫ65 mV (20 M GYKI-52466 or 20 M CNQX; 20 M MK-801 or 50 M D,L-APV; 100 M LY-367385; 50 M picrotoxin; 10 nM TTX to reduce polysynaptic activity; and Cs-gluconate patch solutions to block GABA B -coupled K ϩ channels). The postsynaptic currents recorded under these conditions developed slowly and outlasted the five bursts of the TBS (Fig. 6A-C, arrows) , had a mean amplitude of 40.62 Ϯ 3.83 pA (n ϭ 18), and returned to baseline after ϳ2 s from the start of theta burst stimulation. These responses were highly stable during baseline acquisition times ranging from 10 to 65 min. The coefficient of variance of these baseline responses was 0.20 (range of 0.04 -0.38; n ϭ 18), and they lack a significant "rundown." Differences in amplitude and duration between exogenously applied BDNF and these responses to afferent stimulation likely reflect a more limited amount of endogenous BDNF for release and/or a highly localized site of BDNF release activating a small number of TrkB receptors. Similar differences are well known to exist between focal application of mGluR agonists and synaptically mediated mGluR responses. The BDNF scavenger TrkB-IgG (1 g/ml, equivalent to 3.8 nM of the receptor dimer) significantly reduced the amplitude of these slow membrane currents (14.04 Ϯ 2.9 vs 35.52 Ϯ 3.7 pA; n ϭ 5; p ϭ 0.0013) (Fig. 6A) . In addition, slow TBS-induced currents were significantly inhibited by the Trk receptor inhibitor k-252a (200 nM; 10.1 Ϯ 0.9 vs 23.78 Ϯ 1.4 pA; n ϭ 5; p ϭ 0.0005) (Fig. 6B) . Last, the TRPC channel inhibitor SKF-96365 (30 M) also reduced these slow membrane responses (11.42 Ϯ 1.9 vs 38.96 Ϯ 9.2 pA; n ϭ 5; p ϭ 0.0127) (Fig. 6C) . These results strongly suggest that stimulation of afferent fibers within CA1 stratum radiatum is able to release endogenous BDNF, which in turn stimulates Trk receptors, activating a TRPC-dependent slow membrane current in CA1 pyramidal neurons reminiscent of I BDNF , the membrane current activated by brief pulses of exogenously applied BDNF.
TRPC3 channels are necessary for BDNF to increase dendritic spine density
We have shown previously that BDNF increases dendritic spine density in CA1 pyramidal neurons of hippocampal slice cultures through the activation of Trk receptors and the mitogenactivated protein kinase/ERK signaling pathway (Tyler and Pozzo-Miller, 2001; Alonso et al., 2004) . Changes in the structure of dendritic spines, such as their formation, elimination, or variations in morphology, are thought to depend on the dynamics of the actin cytoskeleton, whereas proteins affecting actin cytoskeleton dynamics are sensitive to changes in Ca 2ϩ concentrations (Yuste and Bonhoeffer, 2001) . Considering the sustained membrane depolarization (Fig. 1C) , the increase in cytoplasmic Ca 2ϩ concentration during activation of I BDNF in CA1 neurons (our unpublished observation) and that ERK1/2 activation is Ca 2ϩ sensitive (Agell et al., 2002) , we hypothesized that the BDNFinduced increase in dendritic spine density requires functional TRPC channels. BDNF (250 ng/ml; 24 h) significantly increased dendritic spine density in eYFP-transfected CA1 pyramidal neurons (9.32 Ϯ 0.85 spines/10 m dendrite, n ϭ 16 cells from 10 slices vs 15.84 Ϯ 2.02 spines/10 m, n ϭ 3 cells from 3 slices; p Ͻ Figure 5 . PI3 kinase signaling is required for I BDNF and the rapid increase in TRPC3 surface content. A, I BDNF was reduced by the PI3 kinase inhibitor LY-294002 (10 M). B, Average amplitude of I BDNF in the above experimental conditions (*p Ͻ 0.0001 vs BDNF application in TTX). C, Surface biotinylation reactions on cultured hippocampal neurons revealed that levels of surface accessible TRPC3 progressively increased after BDNF application with a time course that parallels the time course of I BDNF activation (1, 2, and 4 min). In addition, the same PI3 kinase inhibitor that reduced I BDNF also prevented the surface translocation of TRPC3. Bar graphs shows the quantitative analysis of surface biotinylation reactions, using the transferrin receptor for normalization of pixel intensity.
0.01 ANOVA, followed by Newman-Keuls multiple comparison test) (Fig. 7 A, B) . Consistent with a role of TRPC channels in BDNF-induced spine formation, the inhibitor SKF-96365 (30 M) prevented the neurotrophin effect on spine density (SKF-96365 plus BDNF, 10.56 Ϯ 1.17 spines/10 m, n ϭ 6 cells from 4 slices vs SKF-96365, 9.95 Ϯ 0.94 spines/10 m, n ϭ 10 cells from 8 slices; p Ͼ 0.05) (Fig.  7 A, B) . Likewise, 2-aminoethoxydiphenyl borate (2-APB) (100 M), another inhibitor of TRPC channels, prevented the increase in spine density caused by BDNF (2-APB plus BDNF, 4.15 Ϯ 0.34 spines/10 m, n ϭ 5 cells from 6 slices vs 2-APB, 4.69 Ϯ 0.45 spines/10 m, n ϭ 7 cells from 5 slices; p Ͼ 0.05) (Fig. 7 A, B) . The significant reduction in spine density observed after incubation with 2-APB alone compared with untreated control neurons ( p Ͻ 0.001) may reflect its effect on IP 3 Rs and the potential role of intracellular Ca 2ϩ stores on spine morphology and/or maintenance (Harris, 1999; Korkotian and Segal, 1999) .
To directly implicate TRPC3 channels in these effects, we cotransfected hippocampal slices with the same siRNA oligonucleotides that reduced TRPC3 expression and abolished the activation of I BDNF (Fig. 4) , along with eYFP to visualize dendritic morphology. Indeed, BDNF failed to increase spine density in CA1 pyramidal neurons transfected with TRPC3 siRNA (TRPC3 siRNA, 11.89 Ϯ 0.32 spines/10 m, n ϭ 4 cells from 4 slices vs TRPC3 siRNA plus BDNF, 8.27 Ϯ 0.6 spines/10 m, n ϭ 12 cells from 11 slices; p Ͼ 0.05, ANOVA followed by Newman-Keuls multiple comparison test) (Fig. 7 A, B) . It is important to note that TRPC3 siRNA oligonucleotides did not affect spine density compared with serum-free controls ( p Ͼ 0.05). Quantitative spine density data are summarized in supplemental Table 1 (available at www.jneurosci.org as supplemental material). These observations directly demonstrate that TRPC3 channels, which mediate I BDNF , are required for BDNF to increase spine density in CA1 pyramidal neurons. Together, these results support a significant physiological role for the BDNF-induced postsynaptic current mediated by TRPC3 channels, namely the formation of dendritic spines.
Discussion
The present study provides four novel insights into the immediate actions of BDNF on hippocampal neurons in addition to a direct consequence of those effects for neurotrophin-initiated dendritic remodeling of pyramidal neurons. First, CA1 pyramidal neurons express I BDNF , a sustained nonselective cationic current that is evoked by BDNF stimulation of postsynaptic TrkB receptors leading to the activation of TRPC3-containing ion channels. Second, BDNF evokes rapid membrane insertion of TRPC3 subunits in hippocampal neurons, with a time course that parallels I BDNF activation. Third, afferent theta burst stimulation in the absence of glutamatergic and GABAergic transmission revealed slow membrane currents that are sensitive to the BDNF scavenger TrkB-IgG, as well as to Trk and TRPC inhibitors, resembling the pharmacological profile of the exogenous BDNFactivated membrane conductance. Last, siRNA-mediated TRPC3 knockdown and TRPC inhibitors prevented the increase in spine density by BDNF, providing evidence of an intriguing consequence for the activation of sustained membrane depolarizations associated with intracellular Ca 2ϩ elevations. The steps in the BDNF-initiated signaling cascade leading to the activation of TRPC3-mediated membrane currents are summarized in the model shown in Figure 8 .
I BDNF in CA1 neurons is prevented by bath application of tyrosine kinase inhibitors, such as k-252a and k-252b. NT-3, which binds primarily to TrkC but also to TrkB with a lower affinity (Barbacid, 1994) , induces a membrane current with similar kinetics but smaller amplitude than I BDNF , whereas NGF evokes only minor changes in membrane current. Consistent with the stimulation of PLC␥ by TrkB, I BDNF is sensitive to the inhibition of PLC by U73122 and of IP 3 Rs by xestospongin-C and heparin. Depletion of intracellular Ca 2ϩ stores with thapsigargin also inhibited I BDNF , as did the removal of extracellular Ca 2ϩ . Together with the sensitivity to intracellular Ca 2ϩ buffering with BAPTA and the concurrent Ca 2ϩ elevations, these results demonstrate the critical requirement of TrkB-initiated Ca 2ϩ -dependent signaling in the activation of I BDNF .
It has been known that BDNF elicits somatic Ca 2ϩ elevations in cultured hippocampal neurons (Berninger et al., 1993) , but the mechanisms remain unclear. These somatic Ca 2ϩ elevations in cultured neurons were reduced, but not completely blocked, in the absence of extracellular Ca 2ϩ (Finkbeiner et al., 1997; Li et al., 1998) see Clapham, 2003) . Indeed, TRPC3/6 channels mediate BDNFevoked Ca 2ϩ signals in growth cones of cultured cerebellar granule cells (Li et al., 2005) , whereas xTRPC1, a Xenopus homolog of TRPC1, plays a similar role in BDNF-induced growth cone turning in vitro (Wang and Poo, 2005) . Consistently, siRNAmediated TRPC3 knockdown, or intracellular application of anti-TRPC3 antibodies, but not anti-TRPC5, prevented the activation of I BDNF in CA1 neurons. Thus, our results suggest that I BDNF is mediated by ion channels containing at least TRPC3 subunits.
Additional support for the role of TRPC channels in these responses comes from the BDNF-induced increase of surface accessible TRPC3 subunits after a time course that parallels I BDNF activation. The intriguing mechanism of rapid vesicular insertion of TRPC channels to the plasma membrane has been shown to mediate homomeric TRPC5 currents and hippocampal cell neurite extension stimulated by epidermal growth factor (Bezzerides et al., 2004) . Similarly, PLC␤-coupled muscarinic receptors cause membrane insertion of TRPC6 (Cayouette et al., 2004) and of TRPC3 (Singh et al., 2004) (but see Smyth et al., 2006) in HEK293 cells. We show here that I BDNF and the increase in TRPC3 surface content in hippocampal neurons are both sensitive to a PI3 kinase inhibitor, as reported for TRPC5 membrane translocation (Bezzerides et al., 2004) . Thus, membrane delivery of TRPC3 subunits may contribute to sustained BDNF-induced membrane currents in hippocampal neurons.
Physiological relevance and potential function of I BDNF Nonselective cationic currents resembling TRPC currents have been described in cortical and hippocampal neurons (Alzheimer, 1994; Haj-Dahmane and Andrade, 1996; Congar et al., 1997) . Recent evidence indicates that TRPC1-containing channels mediate cation currents activated by the selective group I mGluR agonist (RS)-3,5-dihydroxyphenylglycine (DHPG) in Purkinje neurons (Kim et al., 2003) . Similar DHPG-evoked currents sensitive to TRPC inhibitors were also recorded in hippocampal pyramidal neurons (Gee et al., 2003; Rae and Irving, 2004) and midbrain dopamine neurons (Tozzi et al., 2003) . Consistently, we found that the group I mGluR agonist DHPG evoked Ca 2ϩ signals in CA1 neurons that preceded a slow inward current (data not shown), resembling BDNFinduced dendritic Ca 2ϩ elevations associated with I BDNF (our unpublished observation). Thus, TRPC channels are mediators of the slow membrane responses initiated by mGluRs and neurotrophin receptors coupled to PLC-dependent signaling cascades.
It is worth noting that I BDNF recorded in pontine and CA1 neurons is markedly different from the much faster and transient TTX-insensitive Na ϩ current activated by TrkB ligands in several regions of the brain (Kafitz et al., 1999) . In addition, the BDNF-activated Na ϩ current is blocked by the Na ϩ channel blocker saxitoxin (Blum et al., 2002) , whereas I BDNF in CA1 neurons is not (Fig. 1G) . BDNF, like classical neuropeptides, is synthesized and packaged in dense-core vesicles for their delivery to dendrites and axons, in which it is slowly released by large Ca 2ϩ elevations evoked by high-frequency spike trains (Lessmann et al., 2003; Brigadski et al., 2005) . Indeed, BDNF is most effectively released from hippocampal neurons by TBS (Balkowiec and Katz, 2002) . Consistent with this mode of slow release, we present here the first direct evidence of a membrane response to endogenously released BDNF. After blockade of glutamatergic and GABAergic ionotropic and metabotropic receptors, afferent fiber stimulation using a TBS pattern evoked a slowly developing inward current in CA1 neurons. Membrane inward currents outlasted the TBS train and were sensitive to the extracellular BDNF scavenger TrkB-IgG, as well as to Trk receptor and TRPC/SOC channel inhibitors, thus resembling the membrane currents induced by exogenously applied BDNF. In addition, these responses represent one of a handful of observations of activation of TRPC channels by afferent fiber stimulation. Membrane currents mediated by TRPC channels activated by group I mGluRs in response to endogenously released glutamate have been observed in Purkinje cells (Kim et al., 2003) , dopamine neurons of the substantia nigra compacta (Bengtson et al., 2004) , and neurons in the lateral amygdala (Faber et al., 2006) . We propose that a slow membrane current, such as I BDNF , intricately linked with parallel presynaptic actions will have a longlasting impact on neuronal function. . Functional TRPC3 channels are required for BDNF to increase dendritic spine density in CA1 pyramidal neurons. Slice cultures were transfected with either eYFP cDNA alone or in combination with TRPC3 siRNA oligonucleotides. Slices were exposed to BDNF (200 ng/ml in serum-free media) for 24 h, and spine density was measured by confocal microscopy 24 h after transfection. A, Representative examples of segments of apical secondary and tertiary dendritic branches of eYFP-transfected CA1 pyramidal neurons. The TRPC inhibitors SKF-96365 and 2-APB prevented the increase in spine density by BDNF. Likewise, siRNA-mediated knockdown of TRPC3 abolished the effect of BDNF on spine formation, without effects of its own. B, Average spine density in the above mentioned experimental groups. *p Ͻ 0.05 compared with serumfree controls, as per ANOVA followed by Newman-Keuls multiple comparison post hoc test.
What is the role of BDNF-induced membrane currents? We have shown previously that BDNF increases spine density in CA1 neurons (Tyler and Pozzo-Miller, 2001; Alonso et al., 2004) , and, combined with miniature synaptic transmission, it increases the proportion of a particular spine type, stubby type I spines (Tyler and Pozzo-Miller, 2003) . However, a specific mechanism by which BDNF modulates dendritic structure in CA1 neurons has not yet been identified. Our observations demonstrate that siRNA-mediated TRPC3 knockdown as well as TRPC inhibitors prevented the increase in spine density by BDNF. In this context, a long-lasting membrane depolarization associated with sustained intracellular Ca 2ϩ elevations such as those induced by brief BDNF applications seems particularly suited to trigger the cytoskeletal rearrangements necessary for spine remodeling and/or formation, a characteristic consequence of BDNF signaling. Similarly, Ca 2ϩ mobilization from intracellular stores (Korkotian and Segal, 1999) and activation of group I mGluRs (Vanderklish and Edelman, 2002) induce changes in spine form and promote spine formation. The similarities of mGluR and TrkB signaling suggest that the convergence of these pathways on TRPC channels may trigger a program of spine formation and/or maturation via Ca 2ϩ -dependent, actin-based structural remodeling. In this view, TRPC channels emerge as novel effectors of BDNF-mediated dendritic remodeling through the activation of a sustained depolarization associated with intracellular Ca 2ϩ elevations. Gab-1, Growth-associated binder 1; Grb2, growth factor receptor-bound protein 2; Shc, Src homology 2 domain-containing transforming protein C1; P, phosphate groups; Y, tyrosine residues.
